The experiments presented herein were designed to determine the fate of the human choriogonadotropin (hCG) receptor during endocytosis of the receptor-bound hCG. Using several biochemical approaches, it is shown that the receptor is internalized together with the hormone into endocytic vesicles and transferred to lysosomes without ligand dissociation. Once delivered to the lysosomes, the hCG-receptor complex dissociates, and the free hormone is degraded. This pathway appears to prevent receptor recycling and probably promotes receptor degradation.
106. All experiments were done in Waymouth MB752/1 modified to contain 20 mM HEPES and 1 mg/ml albumin pH 7.4 (assay medium). The assay medium used for the 37"C incubations also contained 6.75 mM NaHCOs, and the incubations were done in a humidified atmosphere of 95% air/5% COs. For the 4°C incubations, the NaHCOs was replaced with an equimolar concentration of NaCI, and CO2 was not provided.
All experiments were initiated by placing the cells on ice for 30 min. After washing them twice with cold assay medium (2 ml/wash) each dish received 2 ml of cold assay medium and 20 ng/ml ~25I-hCG alone, or together with 25 IU/ml of hCG (to correct for nonspecific binding). After a 2-h incubation at 4"C, the cells were washed five times (2 ml/wash) with cold Hanks' balanced salt solution containing 1 mg/ml albumin (wash medium), and processed immediately (t = 0) or incubated at 37"C in assay medium for the time indicated in the figures.
Analysis of Internalization, Degradation, and Dissociation of the Internalized Hormone-Receptor Complex: At the times indicated in the figures, the dishes were placed on ice, and the medium was saved and precipitated with 10% trichloroace~ic acid (6) . The soluble radioactivity was taken as a measuremem of degraded hormone. The cells were washed once with cold wash medium and incubated for 2--4 min with cold 50 mM glycine/100 mM NaCI, pH 3. The radioactivity removed by this wash was taken as a measurement of the surface-bound hormone, and the radioactivity that remained associated with the cells was collected after solubilization with 0.5 N NaOH and considered to be internalized hormone (10) .
The assay used to determine the proportion of intracellular radioactivity that remains receptor-bound is based on the ability of polyethylene glycol to precipitate this complex without precipitating the free hormone (15) . After the acid treatment (see above), the cells were washed twice with 2-ml portions of cold assay medium, scraped into a minimal amount of the same medium, and recovered by centrifugation (the contents of two dishes were combined). Each pellet was then redissolved in 150 ~1 of 1% (wt/vol) Triton X-100, 0.15 M NAG1, 20 mM HEPES, pH 7.4, supplemented with 20 #M leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 100 U/ml Trasylol and incubated for 45 min at 4"C. The extracts were diluted 10-fold with the same buffer without Triton X-100 and centrifuged at 100,000 g for 1 h. The supernatants were collected and aliquots were counted. Other aliquots were precipitated with polyethylene glycol, and the precipitates were collected by centrifugation and counted. It was previously shown that, when cells containing only surfacebound ~251-hCG are treated in this manner, ~85% of the cell-bound radioactivity is routinely solubilized and that ~80% of the soluble radioactivity is precipitable with polyethylene glycol (15) . Thus, in each experiment we carried a control sample containing only surface-bound t251-hCG, and the percent of the soluble radioactivity that was precipitated with polyethylene glycol was defined as 100% of receptor-bound activity and used to correct all the internalized samples.
Analysis of Internalized Radioactivity on Percoll Gradients:
After the acid treatment (see above), the cells were washed twice with cold assay medium and twice with homogenization medium (0.25 M sucrose, l0 mM HEPES, 1 mM EDTA, pH 7.4). The cells were scraped offthe dishes into homogenization medium, and the contents of four dishes were combined, collected by centrifugation, resuspended in 2 ml of homogenization medium and homogenized with a motor-driven Teflon pestle at 5,000 rpm (five strokes). Postnuclear supernatants were prepared by centrifuging the homogenates at 800 g for 10 min. The supernatants were saved and the pellets rehomogenized and centrifuged again. The two supernatants were combined, and a 2-ml aliquot was thoroughly mixed with 8 ml of a solution of Percoll (in homogenization medium) with a density of 1.065 g/ml (16) and centrifuged at 10,000 g for 60 min (70.1 Ti rotor) in a Beckman L3-50 ultracentrifuge (Beckman Instruments, Inc., Fullerton, CA). The contents of the gradients were collected from the top with the aid of a Buchler autodensiflow. In some experiments, the contents of the first five fractions were combined, mixed with l ml of homogenization medium, and fractionated on a second gradient. 2-ml aliquots of the pooled fractions were thoroughly mixed with 8 ml of Percoll (density = 1.044 grn/ml) and centrifuged at 33,000 g for 20 min (16). The gradients were fractionated as described above.
Further Analysis of Gradient Fractions:
After running and fractionating the first gradient, the fractions containing endocytic vesicles and plasma membranes (fractions 1-5) and those containing lysosomes (fractions 29-35) were combined. No attempt was made to separate endocytic vesicles from plasma membranes, because it was shown that the majority of the radioactivity present in this pool in the internalized samples is not associated with plasma membranes (cf. Fig. 6 ).
To determine if the internalized radioactivity associated with each of these organelles was receptor-bound, each pool received protease inhibitors (see above), and 100 #1 of 10% (wt/vol) Triton X-100. The volume was adjusted to 2 ml with homogenization buffer, and the samples were incubated for 45 rain at 4°C. The samples were then diluted two-fold with homogenization buffer and centrifuged at 100,000 g for 60 min to pellet the Percoll and insoluble material. The supernatants were precipitated with polyethylene glycol (see above) to determine the percentage of the solubilized radioactivity that remained receptor-bound. This procedure solubilized 70-75% and 92-97% of the radioactivity present in the endocytic vesicles and lysosomes, respectively. A sample containing only surface-bound ~251-hCG carried through those manipulations showed that -70% of the radioactivity solubilized from each pool was precipitated with polyethylene glycol. This value was defined as 100% of receptor-bound activity and used to correct all the internalized samples.
In other experiments, the pooled fractions were extracted as above, except that CHAPS (final concentration = 10 mM) was used instead of Triton X-100. The samples were diluted to 5 mM CHAPS and centrifuged as above. The supernatants were then diluted two-fold with 200 mM glycine, pH 3, and incubated for 4 min at 4"C to dissociate the receptor-bound Z2Sl-hCG (11, 14) . The samples were then neutralized with 0.5 N NaOH, dialyzed against H20, lyophilized, and analyzed by SDS PAGE as described elsewhere (10) . Under the electrophoretic conditions used, ~25I-hCG does not dissociate into subunits unless the samples are heated before electrophoresis (10) . A constant amount of radioactivity (1,000-4,000 cpm) was applied to each lane. After electrophoresis, the slabs were dried and the radioactive bands were visualized by autoradiography. Autoradiograms were obtained by exposing the dried gel (-70°C, 24-72 h) to preflashed Kodak XAR-5 film (Eastman Kodak Co., Rochester, NY) with Cronex Hi-Plus intensifying screens (E. I. Dupont & Co., Wilmington, DE) (17) . After autoradiography, the radioactive bands were excised and counted.
A similar protocol was used to solubilize the total internalized radioactivity associated with intact cells. After extraction, aliquots of the solubilized cells were precipitated with polyethylene glycol (see above), the pellets were redissolved in 5 mM CHAPS, and acidified and processed as above for analysis on SDS gels. This procedure permitted analysis of the total internalized radioactivity and the internalized radioactivity that remained receptor-bound.
Measurements of Receptor Occupancy and Down-Regulation:
Dishes (6 cm) were preincubated on ice for 30 min and washed twice with 2-ml portions of cold assay medium. Each dish then received 2 ml of cold assay medium and increasing concentrations of hCG. After a 4-h incubation at 4"C, the free hormone was removed by washing the dishes five times with 2-ml portions of cold Hanks' balanced salt solution containing 1 mg/ml of albumin, pH 7.4. The dishes then received 2 ml of cold assay medium and a saturating concentration of ~2SI-hCG alone or together with 25 IU/ml crude ofhCG (to correct for nonspecific binding) and incubated at 4"C for 2 h. The free ~25I-hCG was then removed by washing (see above), and the cells were solubilized with 0.5 N NaOH (10) and counted in a Beckman Instruments 4000 Gamma Counter. Because the rate of dissociation of the prebound hCG is negligible (10, 15) , and all incubations were done at 4"C, the decrease in *2~I-hCG binding observed as a function of the amount of hCG used in the 4°C preincubation is a measure of occupancy of the cell surface receptors.
Receptor down-regulation was measured under conditions where the cells can perform one or several rounds of endocytosis of hCG. Experiments involving one round of endocytosis were initiated by incubating the cells with increasing concentrations of hCG at 4"C and washing to remove the free hormone (see above). These cells were then incubated in 2 ml of assay medium without hormone at 37"C for 4 h, cooled to 4"C for 30 rain, washed twice, treated (4"C, 2 min) with isotonic glycine, pH 3 to remove residual surfacebound hormone (10) , and then used to measure t251-hCG at 4°C (see above).
Because there is no free hormone present during the 37°C incubation, the cells can internalize and degrade only the hormone that was initially bound. It was previously shown that during this time the cells internalize and/or degrade over 90% of the prebound hCG (10) and that the residual surface-bound hormone can be efficiently removed without affecting the activity of the receptor (10, 18, 19) . Thus, the decrease in *25I-hCG binding observed as a function of the amount of hCG used in the 4"C preincubation is a measure of receptor down-regulation during one round of endocytosis. Experiments involving several rounds of endocytosis were also initiated as above, except that at the end of the 4"C preincubation the cells were not washed; they were simply transferred to a 37"C incubator, incubated for 18 h, cooled to 4°C for 30 min, washed twice, treated (4"C, 2 min) with isotonic glycine to remove residual surfacebound hormone (10) , and then used to measure t251-hCG binding at 4"C (see above). Since, during the 37"C incubation, there is free hormone present in the medium, the cells will internalize and degrade the prebound hCG and can continue to bind, internalize, and degrade the free hCG present. Thus, the decrease in ~251-hCG binding observed as a function of the amount of hCG present throughout the experiment is a measure of receptor down-regulation during several rounds of endocytosis.
Other Methods: B-Hexosaminidase activity was measured in the presence of 0.5% Triton X-100 as described by Hall et at. (20) . Adenylate cyclase activity was measured in the presence of 10 -s M for@olin as described by Smith and Limbird (21) .
Diferric transferrin was prepared as described by Klausner et al. (22) . This ligand was labeled by mixing 150 #g of protein with 1 mCi of '251Na and 50/~g of chloramine T (in a total volume of 70 ul of 0.1 M potassium phosphate buffer, pH 7.2) for 25 s at room temperature. The reaction was stopped by adding 100 ~g of Na2S2Os (in 10/~1 of the same buffer) and the mixture was separated (at 4'C) on a 0.9 x 27-cm column of Sephadex G-75 equilibrated and eluted with the same buffer. The specific activity obtained was -7 x l0 s cpm//~g. '2~l-diferfic transferrin was used to label the endocytic vesicles of the MA-10 cells because the intracellular route followed by this ligand is such that little, if any, of the internalized ligand is delivered to the lysosomes (3, 4, 23) . Before doing these experiments, we showed that the MA-10 cells have transferrin receptors that mediate the uptake of this ligand by the pathway described in other cells (3, 4, 23) . In addition, a new method was developed to remove the surface-bound transferrin. This method is based on the binding that the rate of dissociation of apotransferrin at neutral pH is faster than that of diferric transferrin (3, 4) . Thus, to remove the surface-bound transferrin, the dishes were placed on ice, washed, and incubated at 4"C for 10 min in 2 ml of 25 mM sodium acetate, 150 mM NaCI, and 50 gM desferrioxamine, pH 5.0 (to remove the iron bound to transferrin) and then incubated at 4"C for 20 min in 2 ml of wash medium containing 10 #g/ml diferric transferrin and 50 uM desferroxamine (to allow dissociation of the bound apotransferrin). The radioactivity removed during the last incubation was considered to be surface-bound, whereas that remaining cell-associated was considered to be internalized. Control experiments showed that this treatment removed 90% of the '25I-diferric transferrin bound to the MA-10 cells at 4"C.
To label the endocytic vesicles, cells were incubated with '25I-diferric transferrin (2 ~g/ml) for 2 h at 4°C. After washing, the cells were incubated at 37"C for 15 min with diferric transferrin, placed on ice, and treated as described above to remove the surface-bound ligand. Postnuclear supernatants were then prepared and analyzed as described above. Under these conditions, 50% of the initially bound '251-transferrin had been internalized and returned to the medium intact, 25% was bound to the cell surface, and 25% was internalized.
RESULTS

Internalization and Degradation of the Receptorbound hCG
A single round of endocytosis of the receptor-bound 1251-hCG can be monitored by preincubating the MA-10 cells with the hormone at 4"C, washing to remove the free hormone, and incubating the cells in hormone-free medium at 37"C for up to 4 h. When this is done, the cells internalize and degrade over 90% of the hormone that was initially bound ( Fig. 1A ). It should be noted that in comparison with other ligands the rate of internalization of the surface-bound t251-hCG is relatively slow (tv2 = 20-30 min, see references 7 and 1 1 ), and the lag observed before the appearance of degradation products in the medium (i.e., -60 min) is longer (1, 2).
The experiment shown in Fig. I B was designed to determine if the internalized 125I-hCG remained receptor-bound. This was done by washing the cells with acid to remove the surface-bound hormone, followed by detergent extraction of the intracellular radioactivity, and precipitation of the receptor-bound radioactivity with polyethylene glycol. The data show that there was an initial increase in the internal receptorbound ligand which reached a maximum at 30 min, and then declined. The free internal ligand increased more slowly; it reached a maximum at 2 h, and then declined. These results, together with the time course of appearance of degradation products in the medium (cf. Figure 1A) , suggest a precursorproduct relationship whereby the hormone-receptor complex is internalized in the intact form and dissociates intracellularly before the onset of ligand degradation.
It should be stressed that, in this and subsequent experiments, we followed the fate of the hormone-receptor complex (not the free receptor) and the free hormone by differential precipitation with polyethylene glycol. The validity of this method was previously documented by the following findings (15): (a) When cells are incubated with 125I-hCG at 4"C, washed to remove the free hormone, and solubilized with Triton X-100, 80-90% of the radioactivity bound is recovered in soluble form. (b) When the detergent extracts prepared as described above are treated with polyethylene glycol, at least 86% of the radioactivity is precipitated. (c) If the detergent extracts prepared as described above are acidified (to dissociate the hormone-receptor complex, see reference 10) before adding polyethylene glycol, only 4% of the radioactivity is precipitated. (d) If the detergent extracts prepared as described above are incubated at neutral pH and 4°C for 24 h, there is little or no decrease in the amount of radioactivity precipitated with polyethylene glycol. Thus, it is clear that our experimental conditions extract the hormone-receptor complex without dissociating it, that this complex is stable at neutral pH and low temperature, and that the polyethylene glycol assay precipitates the complex without appreciable precipitation of the free hormone.
Effects of NHaC[, Monensin, and Leupeptin
Previous experiments from this laboratory have shown that NH4C1 and monensin, compounds that raise the pH of endocytic vesicles and lysosomes (24, 25) , as well as leupeptin, FIGURE 2 Effect of inhibitors on the dissociation of the internalized "1 1-hCG-receptor complex and the degradation of the internalized 121 1-hCG . Cells were incubated with 1251 -hCG, as described in Fig.   1 , and processed after 1 h of internalization . The indicated inhibitors were present throughout the experiment . After removal of the surface-bound 121 1-hCG, cell extracts were prepared with Triton X-100 or CHAPS and used to determine the receptor-bound (open bars) or intact (shaded bars) 125 1-hCG, respectively . The receptorbound ' 25 1-hCG was measured by precipitation with polyethylene glycol (see Materials and Methods) . The internalized 125 1-hCG that remained undegraded was determined by SDS gel electrophoresis of the internalized radioactivity (cf. Fig . 3 ) . After autoradiography the radioactive bands were excised and counted . The data is plotted as percent of the total radioactivity present in the extracts or recovered from the gels, and it represents the average (± SEM) of four independent experiments . an inhibitor of lysosomal proteases (26, 27) , inhibit the degradation of the internalized hCG but do not affect binding or internalization (6, 10, 11, 28) . It was therefore of interest to determine if these agents also had an effect on the dissociation of the internalized hormone-receptor complex . As shown in Fig . 2 , it was found that these three compounds blocked the intracellular degradation of "'I-hCG and the dissociation of the internalized hormone-receptor complex to about the same extent. In general, however, the inhibitory effect of leupeptin on the dissociation of the ligand receptor-complex was somewhat less than the effects NH 4CI or monensin on this process.
The close correlation observed between the inhibition of ligand degradation and dissociation of the ligand-receptor complex suggests that most of the internal receptor-bound radioactivity may be undegraded hormone. This possibility was tested directly by analyzing the total and receptor-bound intracellular radioactivity on SDS polyacrylamide gels. The results presented in Fig. 3 show that the total intracellular radioactivity isolated from control cells is composed of intact '25 1-hCG (apparent M, = 42,500) and two degradation products of the hormone (apparent M, = 34,000 and 19,000) .2
The total intracellular radioactivity isolated from cells treated with NH4C1, monensin, or leupeptin, however, is composed primarily of intact "'I-hCG . The data presented in Fig. 3 also show that the receptor-bound intracellular radioactivity is primarily intact 121 1-hCG even in the absence of inhibitors of 2 The preparation of "3 I-hCG used in these experiments has been shown to be labeled exclusively in the a-subunit (10) . A detailed analysis of the degradation of intracellular "5 I-hCG is presented in reference 10. The apparent M, of the smallest degradation product is very similar (or identical) to that of the a-subunit. Under the experimental conditions used, this product represents <20% of the total intracellular radioactivity, and it is barely visible with the exposure time used. ligand degradation .
The effects of these inhibitors on dissociation of the intracellular hCG-receptor complex are somewhat different than those reported for the asialoglycoproteins, where NH 4CI and monensin have been shown to inhibit complex dissociation, while leupeptin was found to have no effect (29) (30) (31) .
Density-Gradient Centrifugation
Recent studies from several laboratories have shown that the plasma membranes, endocytic vesicles, and lysosomes can be readily separated on Percoll gradients (16, 29) . Thus, we utilized this experimental approach to gain additional information about the intracellular locations of dissociation of the ligand-receptor complex and ligand degradation .
The protocol used is similar to that of Merion and Sly (16), where a postnuclear supernatant is applied to a first Percoll gradient to separate endocytic vesicles and plasma membranes from lysosomes . The gradient fractions containing the endocytic vesicles and plasma membranes are then applied to a second Percoll gradient that allows the separation of these two latter compartments.
The results presented in Fig. 4 show the density profiles of the two gradients and the position of biochemical markers for plasma membranes (adenylate cyclase), endocytic vesicles (internalized "5 I-transferrin), and lysosomes ((3-hexosaminidase) . In the first gradient (left panels), the majority of the plasma membranes and endocytic vesicles migrated to the top (p <_ 1 .05 g/ml), whereas most of the lysosomes banded at a density of 1 .08-1 .09 g/ml. When the first five fractions of the first gradient were combined and centrifuged on a second FIGURE 3 SIDS gel electrophoresis of the internalized 125 1-hCG . Cells were incubated with 1251-hCG, as described in Fig . 1 , and processed after 1 h of internalization . Where indicated, NH 4CI (10 mM), monensin (25 pM), or leupeptin (200 pM) were present throughout the experiment . After removing the surface-bound 1251-hCG, the cells were extracted with CHAPS and treated with polyethylene glycol to precipitate the receptor-bound radioactivity . Aliquots of the untreated extracts (total intracellular radioactivity) or the polyethylene glycol precipitates (receptor-bound intracellular radioactivity) were then analyzed on a SIDS polyacrylamide gel, as gradient of lower density, plasma membranes migrated as a single band with a density of -1.04 g/ml, whereas endocytic vesicles showed a broad distribution similar to that reported by Merion and Sly (16), with an easily discernible peak at a density of ~1.045 g/ml. The small amount of lysosomes present at the top of the first gradient migrate to the bottom of the second gradient (p _> 1.05 g/ml). This peak of/3hexosaminidase activity was consistently separated by three to four fractions from the most dense peak containing internalized 25I-transferrin.
The distribution of/~-hexosaminidase activity in these two gradients is in agreement with previous data on the existence of two distinct populations of lysosomes in other cell types (l 6, 32) and also show that the experimental conditions used result in minimal lysosomal damage.
The analysis of the surface-bound and internalized '251-hCG on the first Percoll gradient is shown in Fig. 5 . All the surface-bound ~25I-hCG (A) migrated to the top of the gradient, whereas the internalized radioactivity (B-E) was resolved into two compartments. The position of the less dense component is identical to that of the only peak of surfacebound hormone and corresponds to the position of plasma membranes and endocytic vesicles. Because the samples containing only surface-bound or internalized hormone were treated differently (see Materials and Methods, and the legend to Fig. 5 ), the radioactivity present in this area should be associated with different cellular structures: plasma membranes in A and endocytic vesicles in B-E (this contention is shown to be true in Fig. 6 ).
The more dense component shown in Fig. 5 contains most of the internalized radioactivity (B-E) and co-migrates with ¢/-hexosaminidase. Although only one time point is presented, other experiments done at earlier time points (not presented) show that, as time increases, the internalized radioactivity moves from the less dense (i.e., endocytic vesicles) to the more dense (i.e., lysosomes) compartment. The data presented in Fig. 5 also show that leupeptin has no effect on the transfer of radioactivity from endocytic vesicles to lysosomes, whereas NH4C1 and monensin have a weak inhibitory effect. Thus, in the presence of these two compounds, there is a 60% increase in the radioactivity associated with endocytic vesicles and a 30% decrease in the radioactivity associated with lysosomes. These results stand in contrast with those obtained with a number of other ligands (16, [29] [30] [31] , where monensin and NH4C1 have been shown to completely prevent the transfer of ligand to lysosomes. Fig. 6 shows the results obtained when the first five fractions from the gradients shown in Fig. 5 were applied to the second Percoll gradient. These data show that the majority of the surface-bound hormone co-migrated with the plasma membrane marker, whereas the majority of the internalized radioactivity migrated as a single peak with a density of -1.045 g/ ml. Note that, although this peak coincides with the position of the peak of internalized transferrin (cf. Fig. 4 ), the distribution of internalized ~25I-hCG is more localized to this peak than the distribution of internalized transferrin. The results presented in Fig. 6 also show that NH4C1, monensin, and ,01 A leupeptin had no effect on the profiles of the internalized ~251-hCG.
Further Analysis of the Radioactivity Associated with Endocytic Vesicles and Lysosomes
Taken together, the data presented suggest that the internalized hCG-receptor complex dissociates not in the endocytic vesicles but rather in the lysosomes, where the liberated hCG is degraded. To obtain direct evidence for this hypothesis, we isolated and analyzed endocytic vesicles and lysosomes for the presence of receptor-bound and degraded ~25I-hCG.
The results presented in Fig. 7 show that, when analyzed on SDS polyacrylamide gels, most of the radioactivity associated with endocytic vesicles migrated as intact JESl-hCG. This was true in cells incubated with or without inhibitors. It should be noted, however, that a small amount of the first degradation product was detectable in the control and NH4C1treated cells) In the control cells most of the lysosomal radioactivity associated with lysosomes was degraded ~25I-hCG, whereas in the cells treated with inhibitors most of the radioactivity remained undegraded. Thus, it appears that little (if any) degradation occurs in the endocytic vesicles, and that all inhibitors tested prevent hormone degradation in the lysosomal compartment.
The intracellular location of dissociation of the hormone-receptor complex was determined using polyethylene glycol precipitation of detergent extracts of endocytic vesicles and lysosomes. The data presented in Table I clearly show that dissociation of the hormone-receptor complex occurs in the lysosomes and that NH4C1, monensin, and leupeptin prevent this phenomenon. Thus, it appears that the hCG-receptor complex does not dissociate in the endocytic vesicles but is delivered to the lysosomes intact. Once in the lysosomes, the complex dissociates and the free hormone is degraded. Inasmuch as we cannot yet follow the fate of the free receptor, it FIGURE 7 SDS gel electrophoresis of the internalized ~2Sl-hCG associated with endocytic vesicles and lysosomes. Cells were incubated with ~2Sl-hCG as described in Fig. 1 and processed after 1 h of internalization. Where indicated, NH4CI (10 mM), monensin (25 /~M), or leupeptin (200 #M) were present throughout the experiment. After removing the surface-bound USl-hCG, the cells were homogenized and postnuclear supernatants were prepared and centrifuged on the first Percoll gradient. The fractions containing endocytic vesicles (i.e., fractions 1-5, cf. Fig. 5 ) and lysosomes (i.e., fractions 25-35, cf. Fig. 5 ) were pooled and extracted with CHAPS, as described in Materials and Methods. The extracts were then analyzed on a SDS polyacrylamide gel as described in Materials and Methods. A constant amount of radioactivity was applied to each lane. The numbers on the left show the position of molecular weight standards. Cells were incubated with '2Sl-hCG as described in Fig. 1 and processed after 1 h of internalization. The indicated inhibitors were present throughout the experiment. After removing the surface-bound hormone, the cells were homogenized and postnudear supematants were prepared and centrifuged on the first Percoll gradient (cf. Fig. 5 ). The fractions containing the endocytic vesicles and lysosomes were pooled, extracted with Triton X-100, and precipitated with polyethylene glycol, as described in Materials and Methods.
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is not known if it remains in the lysosomes and is degraded or transported to another cellular compartment. Because the acidic pH of the endocytic vesicles is believed to be responsible for the dissociation of other ligand-receptor complexes (2-4, 22, 23, 25, 29-31, 33, 34) , it was of interest to determine if the hCG-receptor complex is stable when exposed to an acidic environment. Thus, we tested the effect of pH on the dissociation of the cell-bound z25I-hCG and compared the results with those obtained with ~25I-transferrin, a ligand that does not dissociate from its receptor in endocytic vesicles (3, 4, 22, 23) . The results presented in Table II show that like the transferrin-receptor complex, the hCG-receptor complex does not dissociate until the pH is lowered to about 3. Thus, at least in theory, the hCG-receptor complex can survive the acidic environment (pH ~-5) that prevails in endocytic vesicles.
Further Studies on the Fate of the Receptor
To gain additional information about the fate of the receptor, we examined the relationship between receptor occupancy and down-regulation. Two groups of cells were incubated at 4°C with increasing concentrations of hCG to occupy increasing amounts of the surface hCG receptors and then washed to remove the free hormone. The degree of receptor occupancy was then determined in one group of cells during a second incubation at 4"C with a fixed, saturating concentration of ~25I-hCG. The other groups of cells was incubated in hormone-free medium for 4 h at 37"C to allow the occupied receptors to internalize and degrade the bound hormone. This latter group was then cooled to 4"C and treated to remove residual surface-bound hormone before determining 12Sl-hCG binding at 4"C. A comparison of ~2~I-hCG binding as a function of the amount ofhCG used in the initial 4°C incubation between both groups of cells should thus provide a relationship between receptor occupancy and down-regulation after one round of endocytosis.
As shown in Fig. 8A , the degree of receptor down-regulation is proportional to the degree of occupancy, but the magnitude of down-regulation is less than that predicted by occupancy. Thus, when 95% of the cell surface receptors are occupied by hCG and engage in endocytosis, the net loss of cell surface hCG receptors is only ~50%. These results show that during a single round of endocytosis some active hCG receptors are replenished at the cell surface. Cells were incubated with 12Sl-hCG (40 ng/ml) or 12Sl-differic transferrin (2 #g/ml) for 2 h at 4"C. After washing, some dishes were saved to determine the amount of radioactivity bound, and the rest were incubated for 5 min at 4°C in medium adjusted to the indicated pH. The medium was then removed, and the cells were washed once with medium of the appropriate pH before measuring the cell-bound radioactivity.
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THE JOURNAL OF CELL BIOLOGY -VOLUME 99, 1984 The experiment shown in Fig. 8 B was designed to determine the relationship between occupancy and down-regulation during several rounds of endocytosis. The design of this experiment was similar to that described above, except that down-regulation was measured under conditions that allow several rounds of endocytosis to occur. Thus, after occupancy of the cell surface receptors, the free hormone was not removed, and the cells were incubated for 18 h at 37"C before removing the residual surface-bound hormone and testing for ~25I-hCG binding. The results presented show that under these conditions the degree of down-regulation exceeded the initial level of occupancy, presumably because in the continuous presence of free hormone the cell surface receptors continued to bind and internalize the hormone until all the receptors were down-regulated.
Taken together, these results show that during endocytosis of receptor-bound hCG there is a replenishment of some cell surface receptors and that such receptors are capable of binding and internalizing additional hormone. Extensive downregulation occurs after several rounds of endocytosis because the replenishment of cell surface receptors is not complete, and ultimately, the rate of disappearance of receptors exceeds the rate at which receptors appear at the cell surface (7) .
In addition, we tested the effects of NH4C1, monensin, and leupeptin on the replenishment of surface receptors shown in Fig. 8A and found that only monensin inhibited this process (data not shown). Inasmuch as all these compounds effectively inhibit the lysosomal dissociation of the internalized hormone-receptor complex and the lysosomal degradation of the internalized hormone (cf. Figs. 2, 3 , and 7, and Table I) , it can be concluded that these processes are not involved in receptor replenishment. These results suggest that the receptors that are replenished at the cell surface are not derived from the pool of internalized receptors (i.e., there is no receptor recycling) but are derived from an independent pool of receptors. The possibility that some receptors are recycled, however, cannot be excluded.
DISCUSSION
Previous results from this laboratory have shown that upon binding to its cell surface receptor, the bound hCG is internalized and degraded by a pathway whose biochemical properties closely resemble those of receptor-mediated endocytosis (6, 10, 11, 28) . The experiments presented herein provide additional evidence that the process of hCG degradation occurs by this pathway. Thus, it is now shown that (a) the internalized hormone can be localized in two distinct intracellular compartments (i.e., endocytic vesicles and lysosomes) and (b) the degradation of the internalized hormone occurs in the lysosomes.
By using a combination of previously published procedures (10, 15, 16, 29) , we have also been able to indirectly follow the fate of the hormone-receptor complex during the internalization and degradation of the receptor-bound hCG. The data presented are consistent with a model where the receptor is internalized together with hCG into endocytic vesicles and transferred into lysosomes without ligand dissociation. Once in the lysosomes, the complex dissociates, and the free hormone is degraded. The fate of the free receptor could not be clearly established, but, like the hormone, it also appears to be degraded rather than recycled back to the surface.
Although not formally shown, it is assumed that the internalized hCG-receptor complex encounters an acidic environment in the endocytic vesicles (23, 25, 31, 33, 35) . The lack of dissociation of this complex in endocytic vesicles may be explained by the finding that, like the transferrin-receptor complex (3, 4) , the hCG-receptor complex does not readily dissociate at pH 5. Unlike the transferrin-receptor complex (3, 4, 22) , however, the hCG-receptor complex is delivered to the lysosomes intact rather than recycled to the cell surface.
Once in the lysosomes, the hormone-receptor complex dissociates, and the free hormone is degraded. Both of these processes can be effectively inhibited with monensin, NH4CI, and leupeptin. Thus, in the presence of these compounds, the hormone is internalized at a normal rate, and the hormonereceptor complex accumulates in the lysosomes, but it is not dissociated and the hormone is not degraded. The ability of leupeptin to inhibit the dissociation of the hCG-receptor complex suggests that the action of lysosomal proteases (on the hormone and/or the receptor) plays a role in this event. Inasmuch as the effect of leupeptin on the dissociation of the complex is somewhat less than the effects of NH4CI and monensin (cf. Fig. 2 and Table I) , it is also likely that this event is aided by the acidic intralysosomal pH. It is also important to note that, in contrast to previous results obtained with other ligands (16, 29-31), we found that NH4CI and monensin have little effect on the transfer of the hCGreceptor complex to the lysosomes (cf. Fig. 5 ).
The fate of the free receptor is not known. Because it is ultimately located in the lysosomes where it can potentially be degraded (as the hormone is), it is likely that the pathway described here prevents receptor recycling, promotes receptor degradation, and is ultimately responsible for down-regulation.
